Oxygenation of lipids during the processing soybeans affects the flavor properties of soy products. We prepared tofu under anaerobic conditions and then evaluated its sensory properties and the compositions of volatiles and oxidized lipids. Anaerobic processing resulted in tofu with less intense richness (kokumi) concomitant with reductions in the amounts of oxidized lipids and volatile compounds.
A variety of health claims for soy products have increased the consumption of soybeans, but currently available soy products continue to exhibit flavor problems, characterized as beany, green, and grassy, especially for European and US consumers. [1] [2] [3] Oxygenation of fatty acids during processing produces the compounds responsible to such soybean-like flavors. n-Hexanal and n-hexan-1-ol among others are undesirable compounds that reduce acceptance of soy products by many consumers, who prefer a bland flavor. On the other hand, sensory evaluation by Japanese panelists suggested that tofu rich in n-hexanal had deeper richness. 4) These flavor compounds are formed from linoleic acid, mostly through oxygenation by lipoxygenases (LOXs) and the cleavage of the resulting linoleic acid 13-hydroperoxide (HPO) by HPO lyase.
5) The formation of these compounds independently of soybean seed LOXs is also evident, and hence, introduction of the LOX-free soybean lines settled the flavor problems only partly. 6, 7) It was expected that spontaneous oxygenation also proceeds during the processing soybean seeds, and that anaerobic processing suppresses lipid oxygenation, but no effect of anaerobiosis during tofu processing on the flavor properties of tofu has been reported. In this study, we prepared tofu in an anaerobic way, and examined its sensory properties as well as the compositions of volatile and lipid peroxide.
Normal soybeans (Fukuyutaka) and the LOX-less soybean (L-Star) were grown at the National Institute of Crop Science, Tsukuba, Japan during the summer of 2006. Soybean seeds (120 g) were soaked in tap water at 20 C for 18 h and the water was drained off. Tap water was added to make the total weight of 720 g, and then the seeds were ground with a mixer (NB-780, Nakasa, Osaka, Japan) for 2 min. The slurry was boiled for 3 min, and then filtrated with cheesecloth. After degassing under a vacuum for 20 min, the slurry was mixed with gluconodeltalactone (Maglactone-70) to make 0.3% w/w, and the mixture was poured into a polypropylene tube (7 cm i.d.). After sealing of the tube, coagulation was done at 80 C for 40 min. In order to prepare the tofu anaerobically, the air in the water for imbibition and grinding was expelled with N 2 gas prior to use, and every step before degassing was performed under an N 2 atmosphere. After cooling to 25 C, the edges of the tofu block were removed, and a piece (7 cm i.d. Â 2 cm) was submitted to sensory evaluation. Sensory training was done with tofu made aerobically from Fukuyutaka and L-Star, and then eight Japanese panelists, who could distinguish them, were selected. The three types of tofu were presented on clear white dishes with random numbers, and evaluated on a 15-cm linescale anchored from none to intense for each attribute (cf. Fig. 1 ). The judges were instructed to rinse the palate with warm water between samples. Aroma was judged before eating. Richness was defined as mouthfulness and continuity of tofu taste. 4, 8) Data were analyzed by one-way analysis of variance (ANOVA) and Tukey's test to detect significant differences among the various treatments.
Volatile compounds were collected with a closed-loop splitting system largely as described previously. 9) In brief, tofu (30 g) was homogenized with 30 mL of distilled water, and the headspace of the homogenate was continuously circulated (at 4 L/min) through a charcoal trap (ORBO 32 small, Supelco, Bellefonte, PA) for 2 h at 25 C. The system was flushed with charcoalpurified air before use. The volatiles were desorbed with 750 mL of dichloromethane containing 2 mg/mL of nonyl acetate as internal standard. The eluate (1 mL) was subjected to GC-MS analysis on a Shimadzu (Kyoto, Japan) QP-5050 equipped with a Stabiliwax column (30 m length Â 0.25 mm i.d. Â 0.25 mm film thickness, Restek, Bellefonte, PA) under conditions described previously. 9) Under those conditions, the peak for n-hexanal extensively overlapped with that of dichloromethane, and hence its amount was not determined. Volatiles were analyzed from at least three independent y To whom correspondence should be addressed. Fax: +81-83-933-5850; E-mail: matsui@yamaguchi-u.ac.jp Abbreviations: HPO, hydroperoxide; LOX, lipoxygenase specimens. The compounds were detected by GC retention times and mass spectrum data as compared to those of authentic compounds. For quantification, various amounts of standard compounds were dissolved in 60 mL of distilled water, and then collection and GC analysis was conducted as described above, and calibration curves were constructed. The amounts of lipid peroxides were determined by HPLC analysis after alkaline hydrolysis of crude lipids extracted from tofu homogenate. 10) Reduction with triphenylphosphine was conducted before alkaline hydrolysis. Eicosadienoic acid 15-HPO was used as internal standard, and the amount of each H(P)O was determined by comparing the peak area observed at A 234 .
10) The sum of esterified and free forms of H(P)O is shown.
Tofu was made aerobically from normal soybean (Fukuyutaka) and the LOX-less soybean (L-Star), and anaerobically from Fukuyutaka (these tofus were designated L 123 /A, L 0 /A, and L 123 /AN, respectively). Flavor and taste were evaluated by trained panelists (Fig. 1) . These three types of tofu showed no differences in terms of aroma, sweetness, unpleasant taste, or texture. However, L 123 /AN was rated less intense for richness than L 123 /A and L 0 /A. There was no significant difference in richness between L 123 /A and L 0 /A. This suggests that the oxygenation products formed independently on LOXs during tofu processing accounted for the richness. L 123 /AN was also less favorable in terms of overall acceptance. L 123 /A was most favorable, and L 0 /A was rated between L 123 /AN and L 123 /A, even though the differences were statistically marginal.
Volatile compounds in soy products are formed mostly through oxygenation of lipids. Volatile analysis indicated that L 123 /A were rich in volatile compounds (Table 1) . n-Hexan-1-ol was most abundant, and 1-octen-3-ol, 1-penten-3-ol, n-pentan-1-ol followed. This profile is largely similar to that reported previously for tofu made from Fukuyutaka.
8) The relative proportions of volatile compounds obtained with L 123 /A was largely similar to those found in fresh homogenate of the normal soybean, but the amounts were less than one-tenth of those detected in an uncooked homogenate of soybeans, 10) probably because the heat treatment of soymilk during tofu processing evaporated the volatile compounds or converted them into other compounds.
3) In L 0 /A, the amounts of n-hexan-1-ol, 1-penten-3-ol, npentan-1-ol, 2-pentylfuran, (E)-2-octenal, (Z)-2-penten-1-ol, and 2-heptanone were significantly lower than in
The volatile composition of L 123 /AN was different from that of L 123 /A. The amounts of n-hexan-1-ol, 1-penten-3-ol, n-pentan-1-ol, 2-pentylfuran, and (E)-2-octenal in L 123 /AN were significantly lower than in L 123 /A. The volatile composition of L 123 /AN was similar to that of L 0 /A. Unexpectedly, the amounts of the most volatile compounds in L 123 /AN were not smaller than those found in L 0 /A. This might be because these volatiles or their precursors (e.g., lipid peroxides) were already formed in the dry soybean seeds. Especially, the amounts of 1-penten-3-ol and (Z)-2-penten-1-ol in L 123 /AN were significantly higher than in L 0 /A. It has been reported that anaerobic reactions of LOXs formed C5 compounds such as 1-penten-3-ol and (Z)-2-penten-1-ol. 11) This side-reaction of LOX might account for the formation of C5 compounds under anaerobic conditions, supposing that lipid peroxides were already present in the dry soybean seeds. The formation of two volatiles, 3-methylbutan-1-ol and furfural, was not affected by anaerobic treatment or the absence of LOX, and hence their formation was independent of Values shown are means AE SE (n ¼ 3). Different letters represent statistical differences based on one-way ANOVA followed by Tukey's post-hoc test (p < 0:05).
oxygen and LOX. The amounts of 1-octen-3-ol showed no significant differences among L 123 /A, L 123 /AN, and L 0 /A. It has been reported that 1-octen-3-ol is formed independently of LOXs, 8, 10) through the oxygenation of linoleic acid to form its 10-HPO.
12) 1-Octen-3-ol might also be already formed even in dry soybean seeds, or the corresponding oxygenase might still be active even under the low oxygen concentrations employed in this study because of the high affinity of oxygenase for oxygen.
The contents of lipid peroxides in L 123 /A and L 0 /A differed little from each other (Fig. 2) , totally dissimilarly to those found with fresh homogenates made from Fukuyutaka and Ichihime (another LOX-less variety), in which markedly lower amounts of lipid peroxides were detected for the LOX-less variety. 10, 13) This suggests that the differences in the amount of lipid peroxides in the uncooked homogenate of normal and LOX-less soybeans were mostly canceled during tofu processing, probably by nonenzymatic formation or the degradation of lipid peroxides during heat treatment. Anaerobic processing partly suppressed the oxygenation of lipids, and significantly lower amounts of 13-hydro(pero)xy-(9Z,11E)-octadecadienoic acid (13(Z,E)H(P)OD) were found for L 123 /AN. The same tendency was observed for 9-hydro(pero)xy-(10E,12Z)-octadecadienoic acid (9(E,Z)H(P)OD), even though the difference in the amounts of it between L 123 /AN and L 0 /A was statistically insignificant.
In conclusion, anaerobic treatment during processing gave rise to tofu with lower amounts of volatile compounds derived from fatty acid oxygenation, with lower amounts of oxidized lipids, of less richness, and of lower preference. This confirms a previous observation, that volatile compounds formed from fatty acids are important constituents and one of the causes of intense richness of tofu, especially for Japanese consumers. 4) However, our study suggests that the weaker richness found for L 123 /AN cannot be explained only by the volatile contents examined here. Minor volatile compounds that might have very low threshold values, and other, nonvolatile compounds should be taken into consideration. The lower contents of oxidized lipids found in L 123 /AN might partly account for the lower richness and worse score for overall acceptance. It is also possible that degradation products of oxidized lipids or reaction products of them with the other constituents formed during tofu processing might account for richness.
With most processed foods, oxygenation and oxidative degradation of lipids during processing or storage cause bad effects on their qualities. However, this study indicates that adequate formation of lipid peroxides and their degradation products might be important to the richness requisite for tofu of good quality with higher preference. This study also suggests that controlling the oxygen concentration during the processing of soybeans is an effective way to modulate the qualities of soy products. Total lipids were extracted, reduced, and alkaline-hydrolyzed, and then the amounts of lipid peroxides were evaluated as hydroxides of linoleic acid (HOD). 13(Z,E)HOD, 13-hydroxy-(9Z,11E)-octadecadienoic acid; 13(E,E)HOD, 13-hydroxy-(9E,11E)-octadecadienoic acid; 9(E,Z)HOD, 9-hydroxy-(10E,12Z)-octadecadienoic acid; 9(E,E)HOD, 9-hydroxy-(10E,12E)-octadecadienoic acid. Values shown are means AE SE (n ¼ 3). Different letters represent statistical differences based on one-way ANOVA followed by Tukey's posthoc test (p < 0:05).
